Abstract Purpose: There is growing evidence that stress and other behavioral factors may affect cancer progression and patient survival.The underlying mechanisms for this association are poorly understood.The purpose of this study is to determine the effects of stress-associated hormones norepinephrine, epinephrine, and cortisol on the invasive potential of ovarian cancer cells. Experimental Design:The ovarian cancer cells EG, SKOV3, and 222 were exposed to increasing levels of either norepinephrine, epinephrine, or cortisol, and the in vitro invasive potential was determined using the membrane invasion culture system. Additionally, the effects of these stress hormones on matrix metalloproteinase-2 (MMP-2) and MMP-9 were determined by ELISA. The effects of the h-adrenergic agonist isoproterenol on in vivo tumor growth were determined using nude mice. Results: Stress levels of norepinephrine increased the in vitro invasiveness of ovarian cancer cells by 89% to 198%. Epinephrine also induced significant increases in invasion in all three cell lines ranging from 64% to 76%. Cortisol did not significantly affect invasiveness of the EG and 222 cell lines but increased invasion in the SKOV3 cell line (P = 0.01). We have previously shown that ovarian cancer cells express h-adrenergic receptors. The h-adrenergic antagonist propanolol (1 Amol/L) completely blocked the norepinephrine-induced increase in invasiveness. Norepinephrine also increased tumor cell expression of MMP-2 (P = 0.02 for both SKOV3 and EG cells) and MMP-9 (P = 0.01and 0.04, respectively), and pharmacologic blockade of MMPs abrogated the effects of norepinephrine on tumor cell invasive potential. Isoproterenol treatment resulted in a significant increase in tumor volume and infiltration in the SKOV3ip1 in vivo model, which was blocked by propranolol. Conclusions: These findings provide direct experimental evidence that stress hormones can enhance the invasive potential of ovarian cancer cells. These effects are most likely mediated by stimulation of MMPs.
There is extensive evidence supporting stress-immune relationships in healthy adults (1) and a growing body of literature demonstrating these relationships in cancer patients (2 -4) . Meta-analyses and reviews have reported alterations in cellular immunity (decreased T-cell response to mitogen stimulation, decreased natural killer cell cytotoxicity, and altered production of cytokines) in association with chronic stress and/or depressed affect (5, 6) . Among cancer patients, behavioral factors may serve as predictors of clinical outcome, such as response to therapy and overall survival (7 -11) . These findings suggest that psychosocial stress factors not only affect the immune system adversely but also contribute to poor outcome in cancer patients. However, no study has shown that stressinduced changes in cancer outcomes are mediated by changes in immune system function. Here, we consider the alternative hypothesis that stress hormones directly affect tumor cells to alter their malignant potential.
Immune system cells express receptors for glucocorticoids from the hypothalamic-pituitary-adrenal axis and catecholamines from the sympathetic nervous system. These signals alter several aspects of immune cell function, including cellular activation, cytokine production, and cell trafficking (4, 12) . However, the direct effects of stress hormones (from the sympathetic nervous system and hypothalamic-pituitaryadrenal axis) on cancer cells have not been well characterized. We recently examined ovarian carcinoma cells to assess the expression of receptors for stress hormones and the functional consequences of their ligation (13) . Those studies found significant effects of catecholamines on production of proangiogenic cytokines, which are mediated by h-adrenergic activation of the cyclic AMP/protein kinase A signaling pathway (13) . The catecholamines epinephrine and norepinephrine are components of the sympathetic response that are manufactured by nerves of the sympathetic nervous system and the adrenal medulla. Both norepinephrine and epinephrine are elevated in individuals with acute or chronic stress (14, 15) and all major catecholamine neurotransmitters are present in the ovary (16, 17) . Among them, norepinephrine is the most abundant and plays functionally relevant roles in ovarian steroidogenesis and follicular development (18 -21) . Catecholamine concentrations are substantially higher in the ovarian tissue than in circulating plasma (22) . We have previously shown that norepinephrine and the h-adrenergic agonist isoproterenol can enhance the production of a proangiogenic cytokine, vascular endothelial growth factor, by ovarian cancer cells (13) . These effects were mediated by h-adrenergic receptors and were completely blocked by h-adrenergic antagonist propranolol. Increased production of proangiogenic factors suggests that catecholamines could potentially facilitate tumor metastasis in vivo. However, metastasis is a complex process involving several sequential, interrelated steps, each of which can be rate limiting. To produce clinically relevant lesions, metastatic cells must complete all the steps of the process (23) . Invasion is a key step in the pathogenesis of metastasis (24, 25) but little is known about how catecholamines might affect the invasive potential of tumor cells. Indirect evidence suggests that catecholamines could potentially enhance invasive capacity because norepinephrine has been shown to affect tumor cell motility in vitro (26 -28) and circulating catecholamines have been associated in vivo with tissue expression of matrix metalloproteinases (MMP) that facilitate invasion (29, 30) . Those data provide circumstantial evidence suggesting that catecholamines could potentially affect the cellular and molecular processes involved in tumor cell invasion but no studies have directly evaluated this hypothesis by examining invasive function (i.e., capacity of tumor cells to penetrate extracellular matrix; ref. 31) .
In this study, we examined the effects of catecholamines and cortisol on the invasive potential of ovarian carcinoma cells and their production of key MMP proteins involved in tumor cell penetration of extracellular matrix. Results show that h-adrenergic signaling significantly up-regulates the invasive capacity of three different ovarian cancer cell lines via h-adrenergic regulation of MMP proteins.
Materials and Methods
Cell culture. The ovarian cancer cell lines used in this study were SKOV3, SKOV3ip1, EG, and 222. The derivation and sources of the cell lines have been reported previously (25, 31, 32) . These cells were maintained and propagated in vitro by serial passage in RPMI 1640 supplemented with 15% fetal bovine serum and 0.1% gentamicin sulfate (Gemini Bioproducts, Calabasas, CA). All of the cell lines are routinely screened for Mycoplasma species (GenProbe detection kit; Fisher, Itasca, IL). All of the experiments were done with 70% to 80% confluent cultures.
Invasion assay. The membrane invasion culture system chamber was used to measure the in vitro invasiveness of all cell lines used in this study (25, 31, 33) . Briefly, a polycarbonate membrane with 10 Amol/L pores (Osmonics, Livermore, CA) was uniformly coated with a defined basement membrane matrix consisting of human laminin/type IV collagen/gelatin and used as the intervening barrier to invasion. The defined matrix was prepared (stored at 4jC) in a 10 mL stock solution as follows: laminin (50 Ag/mL), 1 mL + type IV collagen (50 Ag/mL), 0.2 mL + gelatin (2 mg/mL), and 4 mL + 4.8 mL PBS. Using a disposable pipette, 1 mL of the matrix solution was dispensed across a long side of the membrane. An 8 mm glass rod was used to spread the matrix across the membrane and allowed to dry for 30 minutes. The matrix-coated filter was placed coated side up on the lower plate followed by carefully attaching the upper plate. Both upper and lower wells of the chamber were filled with serum-free RPMI containing 1Â MITO+ (Collaborative Biomedical, Bedford, MA). Single-cell tumor suspensions were seeded into the upper wells at a concentration of 1 Â 10 5 cells per well. Following a 24-hour incubation in a humidified incubator at 37jC with 5% CO 2 , cells that had invaded through the basement membrane were collected through the side port by replacing the medium in the lower chamber with 2 mmol/L EDTA/PBS (pH 7.4) for 20 minutes at 37jC. The cells recovered from the bottom of the filter were then loaded onto a dot blot manifold containing 3 Am pore polycarbonate filters, fixed, stained, and counted by light microscopy (25, 31) . Invasiveness was calculated as the percentage of cells that had successfully invaded through the matrix-coated membrane to the lower wells relative to the total number of cells seeded into the upper wells. The invasion assays were done in triplicate and repeated once.
Determination of MMP concentration. Serum-free conditioned medium from cultures of ovarian cancer cells was collected at 3, 6, 12, and 24 hours following exposure to catecholamines or cortisol. The supernatants were microfuged to remove debris and then stored at À80jC. The samples were thawed only once for determining the MMP concentration. An identical number of cells were plated without the three-dimensional matrix for comparison. The protein concentration of total MMP-2 (pro-MMP-2 and active MMP-2) and total MMP-9 (92 kDa pro-MMP2 and 82 kDa active forms) were determined using Quantikine immunoassays (R&D Systems, Minneapolis, MN) as per the protocol of the manufacturer. The concentrations of active MMP-2 and MMP-9 were determined using the Biotrak Activity Assay System (Amersham Biosciences, Piscataway, NJ) as per the protocol of the manufacturer. The MMP experiments were done in triplicate and were repeated once.
MMP inhibition. Inhibition of the MMPs was accomplished using a chemically modified tetracycline (CMT-3; CollaGenex Pharmaceuticals, Newton, PA). CMT-3 retains broad-spectrum inhibitory activity against MMPs but does not possess antimicrobial properties (34, 35) . CMT-3 (5 Ag/mL) was added to the different wells of the chamber postseeding (34) .
In vivo tumor model. Female nude mice were purchased from the National Cancer Institute-Frederick Cancer Research Facility (Frederick, MD). The mice were housed and maintained under specific pathogenfree conditions in facilities approved by the American Association for Accreditation of Laboratory Animal Care in accordance with current regulations and standards of the U.S. Department of Agriculture, DHHS, and the NIH. The mice were used according to institutional guidelines when they were 8 to 12 weeks of age. The tumor cells (SKOV3ip1) were harvested from subconfluent cultures by a brief exposure to 0.25% trypsin and 0.02% EDTA. Trypsinization was stopped with medium containing 10% fetal bovine serum. The cells were then washed once in serum-free medium and resuspended in HBSS (serum free). Only singlecell suspensions with >95% viability, as determined by trypan blue exclusion, were used for the injections. To produce tumors, 1 Â 10 6 SKOV3ip1 cells (0.1 mL) were injected s.c. into the right flank of the nude mice. A total of five mice per group were used. Starting 24 hours after tumor cell injection, mice were treated with daily i.p. injections of PBS, isoproterenol (10 mg/kg), or isoproterenol (10 mg/kg) in combination with propranolol (2 mg/kg) for 7 days. All treatments were administered in a total volume of 200 AL. Eight days after tumor cell injection, mice were euthanized by cervical dislocation. Tumors were measured in two dimensions, dissected, and fixed in formalin. Tumor volume was calculated as (length / 2) Â (width 2 ). Tumor samples were analyzed using H&E staining. Representative images were taken from each tumor using a light microscope at Â40 and Â100 magnification.
Statistical analysis. The m 2 test was used to determine differences between cell counts using SPSS (SPSS, Inc., Chicago, IL). Hormonemediated changes in MMP concentrations over time were analyzed www.aacrjournals.org Clin Cancer Res 2006;12(2) January 15, 2006using a dose Â time ANOVA with both factors treated as repeated measures. Differences in tumor volume were determined using Student's t test. P < 0.05 was considered statistically significant.
Results
Catecholamines stimulate ovarian cancer invasion. Tumor cell invasion is a key step in the metastatic process. To determine whether catecholamines might enhance ovarian cancer invasion, the SKOV3, EG, and 222 cells were exposed to a range of catecholamine doses and assayed 24 hours later for penetration of a basement membrane barrier using the membrane invasion culture system assay (31). Baseline invasion rates of these ovarian cancer cell lines have been reported previously (31) . Under basal conditions, 6.1% of EG cells penetrated the basement membrane barrier in 24 hours. Norepinephrine induced a dose-dependent increase in invasive capacity that peaked with an f3-fold enhancement in the frequency of penetrating cells at 10 Amol/L norepinephrine (P < 0.001; Fig. 1A ). Similar effects were observed for the other cell lines studied, with norepinephrine producing peak increases in invasive capacity ranging from 2-fold in 222 cells (P = 0.02) to 2.8-fold in SKOV3 cells (P = 0.004; Fig. 1A ). The catecholamine epinephrine also enhanced ovarian cancer cell invasive potential, although its effects were less pronounced than those of norepinephrine (Fig. 1B) . Epinephrine induced dose-dependent increases in invasive capacity for all three cell lines with a 1.6-fold maximum increase in SKOV3 cells (P = 0.004), 1.8-fold in EG cells (P = 0.01), and 1.7-fold in the 222 cells (P = 0.04; Fig. 1B) .
Cortisol is a glucocorticoid hormone released by the adrenal cortex in response to stress (36, 37) and some studies have found that it can potentiate the effects of catecholamines on cancer cells (38) . In the present studies, cortisol weakly stimulated ovarian cancer cell invasive potential (Fig. 1C ), but these results failed to reach statistical significance in two of the three cell lines studied. Only in the SKOV3 cells did cortisol induce significant increases in invasive capacity and the peak 1.6-fold increase was substantially smaller than that observed for the catecholamines epinephrine and norepinephrine (Fig. 1C) . Because stress can increase levels of both cortisol and catecholamines, we also examined the invasive potential of ovarian cancer cells following costimulation with cortisol and either norepinephrine or epinephrine. Results showed increases in invasion that paralleled the effects of catecholamines alone, but no additive or synergistic effects were noted (data not shown). We have previously shown that the ovarian cancer cells used in this study express both h 1 and h 2 adrenergic receptors (13). To determine whether those receptors mediate catecholamine effects on invasive potential, we treated ovarian cancer cells with the broad h-blocker propranolol immediately following their introduction into the membrane invasion culture system chamber and introduced catecholamines 30 minutes later. Propranolol (1 Amol/L) completely blocked norepinephrinemediated increases in invasion (Fig. 2 ), but propranolol alone had no effect on invasive capacity (data not shown).
Catecholamine mediated up-regulation of MMPs. MMPs degrade most components of the extracellular matrix (39, 40) and MMP-2 and MMP-9 are believed to play a key role in ovarian cancer invasion (36, 41 -45) . To determine whether altered MMP expression mediated catecholamine effects on ovarian cancer cell invasive potential, we treated cultured EG or SKOV3 cells with the same hormone doses used in the invasion assays and determined supernatant MMP levels 3, 6, 12, and 24 hours later. Norepinephrine (1 Amol/L) induced a peak 5-fold increase in MMP-9 levels in the SKOV3 supernatants 3 hours poststimulation, and a 4-fold increase for EG cells at the same time point (P < 0.001 for both cell lines; Fig. 3A-B) . Norepinephrine also significantly increased MMP-2 levels, although these effects were smaller in magnitude and peaked later than for MMP-9 (P < 0.01 for both cell lines). Norepinephrine (1 Amol/L) induced a 25% to 55% increase in active MMP-9 and 35% to 48% increase in active MMP-2 levels in both cell lines, 6 hours after treatment (data not shown). Epinephrine also enhanced total MMP-9 levels to a peak 5-fold increase at 12 hours for SKOV3 cells (Fig. 4A) and a peak 2.7-fold increase at 6 hours (Fig. 4B) . Total MMP-2 levels also showed epinephrine-induced peaks at 6 hours in both cell lines (Fig. 4C-D) . Epinephrine 1 Amol/L resulted in a 22% to 53% increase in active MMP-9 and 33% to 63% increase in active MMP-2 levels in both cell lines, 6 hours posttreatment (data not shown). Cortisol had much weaker effects, inducing a slight increase in both MMP-2 and MMP-9 levels at physiologic stress levels but a slight decrease at pharmacologic levels (data not shown). Effects of cortisol were not statistically significant at any time point for either cell line.
To determine whether increased MMP expression was responsible for the effect of norepinephrine on the invasive potential of ovarian cancer cells, we blocked MMP production with CMT-3, which is a chemically modified tetracycline (34) . CMT-3 alone decreased invasion by approximately one third in both EG and SKOV3 cells (Fig. 5) . Treatment of either EG or SKOV3 cells with 5 Ag/mL CMT-3 completely blocked the norepinephrine(1 Amol/L) -induced increases in invasion (Fig. 5) . CMT-3 also blocked the effects of epinephrine on invasive capacity (data not shown). These results suggest that MMPs play a critical role in mediating catecholamine effects on the ability of ovarian cancer cells to invade the basement membrane in the membrane invasion culture system model.
Isoproterenol promotes tumor growth and infiltration in vivo. To discern the effects of catecholamines in vivo, female nude mice were injected s.c. with SKOV3ip1 cells and treated according to the following groups (n = 5 per group); (a) daily PBS i.p.; (b) daily isoproterenol (10 mg/kg) i.p.; (c) daily isoproterenol (10 mg/kg) i.p. plus propranolol (2 mg/kg) i.p. for 7 days. The tumor volume in the PBS group was 31.1 F 7.5 mm 3 (Table 1 ) and was significantly increased in the isoproterenol-only group (P = 0.04). Treatment with propranolol blocked the isoproterenol-induced increase in tumor volume (Table 1) . Although the depth of invasion could not be measured specifically because of lack of a consistent landmark, four of five tumors in the isoproterenol group infiltrated deeply into the s.c. tissues, including muscle (Fig. 6C) . In contrast, all of the tumors in the PBS only or the isoproterenol plus propranolol groups remained encapsulated above the muscle layer. The difference in the incidence of deep infiltration between the PBS and isoproterenol groups was statistically significant with P < 0.05. These observations suggest that h-adrenergic agonists can promote invasion in vivo, which can be abrogated by a h-blocker.
Discussion
In this study, we addressed the effects of selected stress hormones on ovarian cancer invasion, which is a critical component of the metastatic cascade. Our data show that physiologically relevant concentrations of norepinephrine and epinephrine can significantly enhance the capacity of ovarian tumor cells to invade the extracellular matrix that is characteristic of the basement membrane. These effects are mediated via h-adrenergic receptors on cancer cells, which can enhance production of MMP-2 and MMP-9. Changes in MMP expression facilitate ovarian cancer cell penetration of extracellular matrix, and pharmacologic blockade of those effects can inhibit catecholamine-mediated increases in tumor cell invasion. Furthermore, a h-adrenergic agonist (isoproterenol) promoted in vivo tumor growth and infiltration. In addition to documenting a novel mechanism by which stress biology might effect the pathogenesis of ovarian cancer, these data identify two key molecular mediators of such effects (h-adrenergic receptors and MMP expression).
The effects observed here take place at physiologically relevant concentrations of catecholamines. Basal circulating levels of norepinephrine range between 10 pmol/L and 1 nmol/L, with stress increasing these levels to 100 nmol/L (46). Circulating epinephrine levels range from 1 to 10 pmol/L, and increase up to 10 nmol/L under stress (46) . Stress can also increase tissue catecholamine levels in the ovary via increased sympathetic activity, which has been shown to trigger precystic follicles (47 -50) . However, in addition to the sympathetic innervation, the primate ovary contains the endogenous enzymatic machinery necessary for catecholamine biosynthesis (51) . As a result, ovarian tissue levels of catecholamines can substantially exceed those in plasma (22) . Therefore, the in vitro doses of catecholamines used in our experiments cover the spectrum of stress and nonstress levels that the tumor cells would be exposed to in vivo and are consistent with doses that promote biological effects in other in vitro studies (46, 52 -57) . Thus, the present data suggest that catecholamine effects on ovarian cancer invasive potential occur at physiologically relevant levels of those hormones. The ability to invade extracellular matrices plays an important role in metastasis and in development of blood flow to tumors. The process of tumor cell penetration of the host basement membrane consists of attachment, matrix dissolution, motility, and penetration (58) . MMPs play a key role in these dynamics by degrading components of the extracellular matrix, such as collagen, laminins, fibronectins, elastins, and the protein core of proteoglycans (39, 40) . Given their destructive potential, MMPs are normally expressed only when and where they are needed to support physiologic processes, such as embryonic development, wound healing, and placental development (59, 60) . Aberrant expression of MMPs contributes to several pathologic conditions, including tumor cell invasion and metastasis. MMPs associated with ovarian carcinomas include MMP-2 and MMP-9 (32, 41 -45) . MMP-2 is the primary gelatinolytic MMP secreted by ovarian cancer cells (32, 43) and MMP-9 contributes to the angiogenic switch that occurs during carcinogenesis (61, 62) . Recently, Huang et al. (63) have shown that host-derived MMP-9 expression plays a critical role in angiogenesis and progressive growth of human ovarian tumors in mice. We have previously shown the critical role of specific MMPs in the in vitro matrix remodeling by ovarian cancer cells (31, 32) . The present data show that physiologic stress hormones can significantly enhance the expression and activity of these key MMPs by ovarian cancer cells.
These data provide the first indication that MMPs might play a role in stress hormone -mediated changes in ovarian cancer cell function. Previous studies have linked hormone dynamics to MMP production by other cell types. Yang et al. (29) examined the effects of stress on MMP levels using a blister chamber wound model on UV-B -exposed human forearm skin. In their study, plasma norepinephrine levels were correlated with high MMP-2 protein levels in damaged dermal tissue. Recent studies in mice also suggest that psychological stress can elevate MMP activity. Wu et al. stressed mice by social isolation and found increased expression of mRNA for MMP-2, MMP-9, matrix-type MMP-1, and urokinase-type plasminogen activator in colon tumors and liver tissues in stressed versus control mice (30) . The present study shows similar effects in the context of ovarian cancer and it extends those findings to show the functional significance of increased MMP expression in facilitating tumor cell invasion of basement membrane-like structures. It is possible that other factors may also be involved in stress hormone -stimulated invasion and will be examined in ongoing work in our laboratory.
In summary, our results show that stress hormones can directly increase the invasive potential of ovarian cancer cells via h-adrenergic up-regulation of MMP-2 and MMP-9. In conjunction with previous studies showing h-adrenergic regulation of other molecular processes involved in the metastatic cascade (26, 64) , these results suggest that physiologic catecholamine activity could represent a new target for adjunctive therapies that seek to block metastatic processes during and after primary therapy. Understanding the neuroendocrine influences on cancer growth and progression might allow development of strategies to delay or prevent malignant disease. 
